(E) His-tagged Tom70 Hs-3 (top) and Tom70 Sc-1 (bottom), either wild-type (lanes 1-3) or TPR clamp mutants (R192A and R171A, lanes 4-6), were incubated with 2 M purified bovine Hsp90 (lanes 1 and 4), yeast Hsp82 (lanes 2 and 5) or bovine Hsp70 (lanes 3 and 6) and recovered with NiNTA-agarose. Bound chaperones were eluted with 0.5 M NaCl, and Tom70 proteins eluted with 25 mM EDTA. Coomassie-stained gels are shown. (F) The Tom70 TPR clamp is essential for Tom70 function in vivo. Top, ⌬tom70 yeast harboring the plasmid pRS315 with either no open reading frame (vector) or encoding wild-type (TOM70 Sc), clamp mutant (Tom70 Sc-R171A), or human Tom70 (Tom70 Hs) were grown on synthetic media. Bottom, ⌬tom70 ⌬tom20 yeast harboring the plasmids p416ADH/TOM20, and the same pRS315 plasmids as above were grown on synthetic media containing 5-fluoroorotic acid to remove the TOM20 plasmid. Growth at 30ЊC was observed after 3-5 days.
Results
Hsp90 or Hsp70 are not absolutely conserved in Tom70, so it was possible that Tom70 would recognize either Hsp90 or Hsp70, or both. A similar TPR clamp domain Tom70 Specifically Recognizes Hsp70 and Hsp90 The three N-terminal TPR motifs of Tom70 were prewas not identified in the Tom20 receptor.
To test the prediction of the Tom70 TPR clamp, the dicted to form a dicarboxylate clamp domain based on their similarity to the TPR1 and TPR2A domains of Hop, cytosolic segments of human and yeast Tom70 were purified as His-tagged proteins and used in capture exwhich interact with the C termini of Hsp70 and Hsp90, respectively ( Figures 1A and 1B) (Scheufler et al., 2000) . periments with cell lysates. Both wild-type and clamp mutant proteins fractionated upon gel filtration as homoSeveral residues in the Hop TPR domains critical for chaperone recognition are conserved in both human dimers (data not shown). Human Tom70 (Hs-3) recognized predominantly Hsp90 and less efficiently Hsp70 and yeast Tom70 ( Figure 1B Figure 1D ). These results were confirmed in similar experiments using purified bovine Hsp90 and Hsp70 as well as yeast Hsp82. Mammalian Tom70 Hs-3 efficiently recovered both Hsp90 and Hsp82 as well as Hsp70 in a salt-elutable manner, whereas the R192A mutation abolished specific binding of all the chaperones ( Figure 1E, top) . In contrast, yeast Tom70 Sc-1 recovered only Hsp70 in the salt-eluted fraction, and this binding was blocked by the R171A mutation ( Figure  1E, bottom) . Thus, the difference in chaperone specificity between mammalian and yeast Tom70 is determined by the receptor and not the chaperones.
The importance of the chaperone/Tom70 interactions was next examined in vivo. In S. cerevisiae, deletion of Tom70 produces no phenotype under standard growth conditions due to partial functional overlap between the yeast Tom70 and Tom20 receptors ( Figure 1F To test the importance of the chaperone/Tom70 interaction in yeast, mitochondria were isolated from both wild-type and ⌬tom70 strains and a ⌬tom70 strain expressing the Tom70 R171A mutant. Similar levels of wild-type and mutant Tom70 as well as matrix-localized Hsp60 were observed per mass of isolated mitochondria Figures 3A and 3B ). In to use the Tom20 receptor in yeast, was largely unafcontrast, GA treatment had little effect on the import of fected by Tom70 mutation or deletion ( Figure 2F) . Thus, the chaperone/Tom70 interactions are essential for the MPP␣ and no effect on ISP ( Figures 3A and 3B) . Thus, it appears that Hsp90 is specifically involved in the import of the Tom70-dependent inner membrane proteins, consistent with the preprotein-specific effect of C90 competition in Figure 2 . The inhibitory effect of GA was in all cases less pronounced than that of C90, which disrupts the contribution of both Hsp90 and Hsp70 to import. The contribution of Hsp90 to mitochondrial protein import in vivo was tested in Cos7 cells transiently transfected with PiC or Hsp60. The latter protein is imported to the mitochondrial matrix by an N-terminal targeting sequence for Tom20. Newly synthesized proteins were radiolabeled in the presence of levels of GA that did not impair cell growth. Although total protein synthesis was not affected, immunoprecipitation of PiC from total cell lysates revealed a marked decrease in the mature form of the protein and a corresponding accumulation of the unprocessed precursor in the presence of GA ( Figure  3C, lanes 1-3, top) . A reduced amount of the mature form of PiC was immunoprecipitated from a proteinase K-treated mitochondrial fraction ( Figure 3C , lanes 4-6, top). Transfected Hsp60 immunoprecipitated from total cell lysates or PK-treated mitochondria was unaffected by GA treatment ( Figure 3C, bottom) , ruling out any effect of GA on protein expression or mitochondrial import competence. These results unambiguously establish a critical role of Hsp90 in mammalian mitochondrial import, a novel cellular function for this chaperone. defects observed with mitochondria bearing the Tom70 TPR clamp mutant ( Figure 2F) . Thus, the import activity of Hsp70 is most important for those preproteins following the Tom70 receptor pathway. GA did not affect the import of AAC into isolated yeast mitochondria ( Figure  4D ), consistent with the lack of interaction between yeast Tom70 and Hsp90.
Hsp70 Functions in

A Multichaperone Complex Targets Preproteins to Tom70 in Mammals
The chaperone association of Tom70-dependent preproteins was tested by gel filtration chromatography. Purified, monomeric Hsp70 eluted at about 70 kDa, but purified Hsp90 homodimer eluted with an apparent molecular size of ‫005ف‬ kDa due to its unusual shape ( lanes 3 and 5) or mock-treated (lanes 2 and 4) . Samples were and 7). The position of noncrosslinked AAC is marked on the right washed with a nondenaturing native buffer (lanes 2 and 3) or buffer and a major crosslinked species is marked with an arrowhead. containing 1% SDS (lanes 4 and 5) and eluted with buffer containing To determine whether preprotein in the presence of chaperones directly bound to mammalian Tom70, radiolabeled PiC recovered with wild-type Tom70 Hs-3 on NiNTA-agarose was crosslinked with DSS. A single crosslinked species of about 130 kDa was observed, which was absent in the input translation and in control reactions without crosslinker ( Figure 5C, arrowhead) . This species remained associated with the beads under both native and denaturing conditions (1% SDS), although noncrosslinked PiC was almost entirely removed by the denaturing wash ( Figure 5C) . Furthermore, the crosslinked species could not be coprecipitated with antibodies against Hsp90 or Hsp70 after the denaturing wash (data not shown). Thus, the crosslinked species represents preprotein directly bound by Tom70. We therefore conclude that chaperone-bound preprotein is first delivered to mammalian Tom70 via the chaperone/ Tom70 interaction, then directly bound by the Tom70 core domain.
The binding of preproteins to yeast Tom70 was similarly tested. AAC as well as PT interacted with Hsp70 and were recovered with the Hsp70 binding TPR1 domain of Hop ( Figure 5D ). In contrast to the mammalian system, the preproteins were recovered equally well with both the wild-type and R171A clamp mutant Tom70 ( Figure  5D ). Crosslinking of radiolabeled AAC to both wild-type yeast Tom70 and TPR clamp mutant Tom70 produced a high-molecular weight species slightly larger than that found with mammalian Tom70 (Figure 5E ), in agreement with the ‫01ف‬ kDa larger size of the purified yeast Tom70 The pathway of Tom70-dependent import has been de- (Pfanner and Neupert, 1987) 
